Abstract: Amplicon-based sequencing strategies that include 16S rRNA and functional genes, alongside "meta-omics" analyses of communities of microorganisms, have allowed researchers to pose questions and find answers to "who" is present in the environment and "what" they are doing. Next-generation sequencing approaches that aid microbial ecology studies of agricultural systems are fast gaining popularity among agronomy, crop, soil, and environmental science researchers. Given the rapid development of these high-throughput sequencing techniques, researchers with no prior experience will desire information about the best practices that can be used before actually starting high-throughput amplicon-based sequence analyses. We have outlined items that need to be carefully considered in experimental design, sampling, basic bioinformatics, sequencing of mock communities and negative controls, acquisition of metadata, and in standardization of reaction conditions as per experimental requirements. Not all considerations mentioned here may pertain to a particular study. The overall goal is to inform researchers about considerations that must be taken into account when conducting high-throughput microbial DNA sequencing and sequences analysis.
H igh-throughput amplicon-based sequencing of microbial DNA from different environments is proving to be an exceptional tool for understanding microbial ecology of various natural systems (Logares et al., 2012; Zhou et al., 2015) . Amplicon-based sequencing strategies of the 16S rRNA and functional genes, alongside metagenomic analyses of microbial communities, have allowed researchers to pose questions and find answers to "who" is present in a specific environment and "what" they are doing. With tools such as Illumina's MiSeq and the HiSeq platform (Illumina, Inc.) becoming more affordable over time, rapid application of -omics based studies in environmental systems is becoming common.
Next-generation approaches to microbial ecology of agricultural systems are also fast gaining popularity among agronomy, crop, soil, and environmental science researchers. Research groups in these disciplines often have as a goal the identification of the diversity and the roles of microbes in these systems. Given the rapid development of high-throughput sequencing techniques, researchers with no prior experience may find it useful to be informed of best practices that can be used before actually starting high-throughput ampliconbased sequences analyses.
General procedures of high-throughput sequencing experiments, sequencing concepts, and data analysis are available (Gogol-DÖring and Chen, 2012; Di Bella et al., 2013; Normand and Yanai, 2013) . This information can direct a researcher toward mock experimental data analyses, thereby allowing the researcher to work with small experimental datasets. The resources, however, fail to focus on description of the things to be considered that a researcher must pay attention to before starting an experiment that relies heavily on data analyses of high-throughput sequences. Often, by the time researchers accomplish the task of working through a tutorial of mock experimental data, their experiments have already been conducted and data generated. Given that considerable time, money, and effort have already been invested in generating data, it is not always possible to repeat the experiments if a researcher realizes that the experimental design was insufficient.
While conducting our own research on diversity of bacteria in soils under different land-use and land-management practices (Sengupta and Dick, 2015) , we noticed a glaring paucity of instructions for researchers in the disciplines of agronomy, crops, soil, and environmental science who wish to conduct high-throughput amplicon sequencing work. Stemming largely from our own experiences and discussion with peers, we focus on and present the a priori knowledge that a beginner (and experienced) researcher or laboratory group must develop and/or improve on when attempting to conduct high-throughput amplicon-based sequences analyses.
Recommendations and Discussion
Considerations when planning a study involving high-throughput amplicon-based sequences analyses are described below. A graphical interpretation that summarizes these considerations is shown in Fig. 1 .
First, care is needed in conceptualizing the experiment. It is well worth the time to ask and establish answers to the following questions: (i) what is one trying to study and why, and (ii) how is the experiment going to be conducted? From the standpoint of soil science research, for example, one may wish to isolate microbial genomic DNA from multiple depth profiles for a single treatment. If the hypothesis involves microbial community response under different management practices, sampling may need to be on a wider geographical scale. Alternately, a research question may be aimed at answering microbial community patterns across a landscape gradient as highlighted by Sengupta et al. (2016) . In such scenarios, the scale of sampling becomes important, i.e., how far spaced out should sampling locations be to capture microbial heterogeneity. Indeed, the question of scale is increasingly being discussed with respect to microbial ecology studies (Green and Bohannan, 2006; Franklin and Mills, 2007; Fierer and Lennon, 2011) .
A related issue arises when deciding to choose the amount of sample to be included in a study. It is suggested that researchers conduct extractions using a range of sample quantity. For example, 0.25 to 10 g of sample may be used to confirm that microbial DNA recovered after a certain amount is constant and/or DNA recovered from a combination of five 2-g samples is similar to that recovered from one 10-g sample. This exercise can then be used to address the issue of DNA extraction biases and to defend the issue of small-scale heterogeneity representative of the community found in the sample. Therefore, unless there are well-defined questions, both sampling and data analyses can easily become cumbersome.
While well-defined hypotheses are true to any scientific discipline, the appeal of using automated and fast-sequencing techniques can be tempting. This may obfuscate the additional financial investments that may be needed to arrive at a sound sampling decision. One decision affected by finances is the number of samples and replicates to be sequenced. The researcher must ensure that the experimental design should, from the beginning, focus on the number of replicates per sample and the total number of samples. It is important to pay attention to the variability that is expected between/within samples and/or treatments. Vastly different communities under different treatments may not require many replicates to statistically determine community difference as opposed to highly similar communities that may require many replicates. Replication, or the lack of it, in microbial community data analysis is discussed by Lennon (2011) , highlighting the issue and the choices available to researchers. The question that often arises is whether all the replicates need to be sequenced or whether they can be pooled together and treated as one sample. An associated point is the sequencing depth. If low diversity is expected, it may be sufficient to pool more numbers of samples together in one sequencing run. While, theoretically, any number of samples may be pooled in one run, high diversity samples require a greater number of sequences to capture the diversity. This may in turn limit the number of samples that can be pooled to obtain accurate diversity estimates. Other considerations include additional experimental testing that a researcher may do before or in addition to sequencing. For example, researchers may decide to first test physicochemical properties of the soil and/or outline additional experiments that need to be conducted to support sequence-analysis results, including but not restricted to, heterotrophic plate count analysis, and quantitative real-time polymerase chain reactions (qPCR).
Second, one must collect information about the samples. Also termed as metadata, this information is crucial and needs to be described and maintained thoroughly. For example, when sampling soil to isolate microbial DNA for high-throughput sequencing work, metadata including GPS coordinates, soil chemical and physical properties, sampling depth, time of year, and land management among others should be recorded. The benefits of this record keeping are twofold: (i) the researcher can use statistical tests to answer hypotheses-driven questions and determine if certain variables in the metadata affect microbial community composition, and (ii) keeping a record of environmental metadata can allow researchers to contribute to global projects like the Earth Microbiome Project (Gilbert et al., 2014) and the Critical Zone Observatory Program (Harpold et al., 2013) .
Once the experimental design and sampling strategy have been thought out, it is beneficial to practice data analyses on example datasets that are widely available online. Quantitative Insights Into Microbial Ecology (QIIME) tutorials offered by the developers of QIIME (QIIME, 2015), tutorials offered by developer of mothur (Mothur, 2015) , and workshop-based data analysis offered by Explorations in Data Analysis for Metagenomic Advances in Microbial Ecology (EDAMAME) provides excellent practice data as a means of familiarizing oneself with high-throughput sequence data analyses (EDAMAME, 2015) . Most of these example datasets are small and their analysis can be rapidly completed, allowing the researcher to become familiar with different software available for -omics data analyses. While the practice examples might seem easy because of the way they are structured, the exercise forces researchers to think ahead and consider (i) the robustness of their own experimental design, (ii) the possible computing power that their own dataset may require, and (iii) various ways of representing sequence analysis results. Most practice datasets have accompanying background information, such as sample collection, sample information, replicates, sequencing depth, and normalization of data. This provides researchers an opportunity to review their own experimental design. Another benefit of working with example datasets is that researchers become familiar with computing shell environments. Too often, during -omics data analyses, researchers find themselves immersed in the labyrinths of the command line computer code for the first time. Consequently, it is advisable that researchers familiarize themselves with basic command line operating system usage, including Linux and Unix, in addition to working knowledge of languages like C, Python, and R, to be able to work with sequence data.
While the above outlines some recommendations to be considered before actual sequencing, other important aspects need to be kept in mind when preparing samples for sequencing. An important component of highthroughput sequencing studies is the incorporation of mock communities and negative controls. Tutorials often include sequence analysis from a mock sample of known composition (Mothur, 2015; QIIME, 2015) . This provides an opportunity to determine quality of the sequencing run (Schloss et al., 2011; Hang et al., 2014) . Mock community sequencing also allows the inference of errors based on library preparation methods, run, amount of input DNA, number of polymerase chain reactions (PCR), primer combination, efficacy of clustering methods for taxonomically diverse environmental samples, and sequencing biases against certain taxa (Flynn et al., 2015; Schirmer et al., 2015) . Mock communities also help determine the suitability of reference databases. If functional genes of interest are sequenced (apart from 16S rRNA bacterial and archaeal or 18S rRNA and internal transcribed spacer [ITS] fungal genes) inclusive of mock communities, comparison with reference databases may reveal the suitability of the reference database. This consideration may then help researchers in preparing a curated database of reference sequences suitable for their own research with respect to the environment being studied.
Negative controls at all steps of sequencing, starting from DNA extraction to loading samples in the sequencer, are important for quality control (Salter et al., 2014) . Negative controls should include template-free "blanks" of DNA extractions and PCR amplification blank reactions in the same run as the actual samples. Controls ensure identification of reagent and laboratory contamination. Post-sequencing, results should be inspected for contaminated genera by comparing with published lists of genera found in contaminated blanks (Tanner et al., 1998; Grahn et al., 2003; Barton et al., 2006; Laurence et al., 2014; Salter et al., 2014) . Such cross-validations can allow common contaminants, if identified and found to be relevant with respect to the environment being sampled, to be subtracted computationally.
There are excellent resources, including Caporaso et al. (2012) and Illumina (2015) , that outline standard operating procedures for high-throughput microbial DNA sequence experiments, while others outline limitations of amplicon-based high-throughput sequence analysis (Poretsky et al., 2014; Schirmer et al., 2015) . Primer design, library preparation, and PCR conditions are other areas that need to be thoroughly tested and standardized according to individual experiments. Since high-throughput amplicon-sequence analysis includes PCR reactions, it is important to have replicate reactions, restrict the number of amplification cycles to a minimum required, and optimize PCR reactions to reduce biases. Additionally, amplicon-based sequence analysis relies on reference sequence databases; therefore, the analysis is only as good as the reference database. This is especially true for environmental samples with unidentified microorganisms and, therefore, insufficient annotation in reference databases. Moreover, researchers may want to study community diversity based on functional gene sequences, instead of prokaryotic 16S rRNA and eukaryotic 18S rRNA/ITS genes. The lack of easily accessible functional gene databases is a hindrance, although researchers may benefit by accessing curated functional gene databases like those in the Ribosomal Database Project (RDP) (Cole et al., 2014) .
The vast amount of sequence data generated is only half of the story. We may be able to learn "who is present" in the microbial community using amplicon-based sequence analysis and determine "what are they doing" using "meta-omics" approach. It is, however, critical to link the impact of microbial diversity and consequently their function to ecological processes and ecosystem dynamics. Applying concepts of diversity derived from plant-and animal-based ecological theories to diversity patterns in microbial systems requires theoretical and conceptual understanding of established ecological theories (Prosser et al., 2007) . Technical advances in highthroughput amplicon-based sequencing will be beneficial when we are able to understand microbial community structure to their diversity at different scales and, finally, to functionality in our environment.
Summary
The easy approachability of sequencing tools is allowing researchers to venture into the world of high-throughput sequencing and tap into the massive potential of this tool to study microbes in varied environmental systems. While a number of resources outline approaches to microbial sequence data analysis, we detail here important considerations that should be taken before any such sequencing is actually conducted. Careful attention to these will be useful to researchers who are enthusiastic about the potential applications of high-throughput microbial DNA sequencing and aim to apply amplicon-based sequencing studies of microbial DNA in their respective fields of agronomy, crops, soils, and the environment.
